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Autophagy maintains cellular homeostasis by de-
grading harmful or unnecessary intracellular com-
ponents. How the autophagy response is induced
rapidly and transiently remains largely unknown.
We report that the E3 ubiquitin ligases Cullin-5 and
Cullin-4 regulate the onset and termination of auto-
phagy, respectively, by dynamically interacting with
AMBRA1, a regulator of autophagy. Under normal
conditions, Cullin-4 binding to AMBRA1 limits its
protein abundance. Autophagy stimuli promote
AMBRA1 stabilization by causing ULK1-dependent
Cullin-4 release. Notably, Cullin-4/AMBRA1 dissoci-
ation is transient, and the re-established interaction
triggers AMBRA1 degradation, terminating the auto-
phagy response.Moreover, Cullin-4 inhibits the inter-
action between AMBRA1 and another Cullin E3
ligase. Indeed, upon Cullin-4 dissociation, AMBRA1
binds and inhibits Cullin-5, thus promoting the accu-
mulation of the mTOR inhibitor DEPTOR. Through
DEPTOR stabilization, AMBRA1 establishes a feed-
back loop that ensures the rapid onset of autophagy
by enhancing mTOR inactivation. Our findings show
that Cullin-mediated degradation of autophagy regu-
lators temporally controls the autophagy response.
INTRODUCTION
Autophagy is a degradative process that controls the intracel-
lular turnover of macromolecules and organelles (Choi et al.,
2013; Mizushima, 2011). A plethora of stress stimuli rapidly
induce autophagy, which acts mainly as a survival mechanism
by removing damaged intracellular components and providing
constituents for neosynthesis and energy production (Kroemer
et al., 2010). This is achieved by the generation of double-mem-
brane vesicles, termed autophagosomes, that wrap around734 Developmental Cell 31, 734–746, December 22, 2014 ª2014 Elstarget materials and transport them to the lysosome for degra-
dation and recycling (Mizushima et al., 2011). Two protein
complexes regulate autophagosome formation. The BECLIN 1
complex, formed by the class III phosphatidylinositol-3-kinase
Vps34, BECLIN 1, Vps15, and ATG14, initiates autophagosome
formation by producing phosphatidylinositol-3-phosphate,
which acts as a docking site for the recruitment of downstream
proteins required for the preautophagic vesicle assembly (Miz-
ushima et al., 2011). Many regulatory cofactors have been iden-
tified to interact with BECLIN 1 and modulate its activity, such as
BCL-2, TRAF6, and DAPK (He and Levine, 2010; Wirawan et al.,
2012). The ULK1 complex, composed of the serine-threonine ki-
nase ULK1, mAtg13, FIP200, and Atg101, acts upstream from
the BECLIN 1 complex and represents the direct link to several
intracellular signaling pathways (Mizushima, 2010; Wong et al.,
2013). The ‘‘nutrient sensor’’ mammalian target of rapamycin
complex 1 (mTORC1) represses autophagy by phosphorylating
ULK1 and mAtg13, which results in ULK1 kinase activity inhibi-
tion (Ganley et al., 2009; Hosokawa et al., 2009; Jung et al.,
2009). Nutrient shortage leads to mTORC1 inactivation and
dissociation from theULK1 complex, which is then able to trigger
the autophagic cascade. Interestingly, a pool of mTORC1 local-
izes to the lysosomal membrane, where it senses the efflux of
amino acids and regulates lysosome reformation (Korolchuk
et al., 2011; Zoncu et al., 2011). Moreover, mTORC1 hampers
autophagy gene expression by phosphorylating and inhibiting
transcription factor EB (TFEB), a master transcription factor of
lysosomal biogenesis (Sancak et al., 2010; Settembre et al.,
2011).
Whereas the events involved in autophagosome formation
and fusion with lysosomes have been deeply investigated, the
temporal regulation of the autophagy response remains largely
uncharacterized. For instance, autophagy is induced within mi-
nutes upon starvation (Koyama-Honda et al., 2013), suggesting
that autoamplification mechanisms ensure its rapid activation.
Moreover, autophagy is a self-limiting process, which is turned
off under prolonged starvation to avoid unrestrained cell diges-
tion and consequent death, being replaced by selective forms
of autophagy such as chaperone-mediated autophagy (Arias
and Cuervo, 2011; Yu et al., 2010).evier Inc.
Table 1. Interaction of AMBRA1 with Members of Cullin Complexes and Subunits of the Proteasome
Cullins Adaptors Substrate Receptors
Accessory
Proteins
COP9
Signalosome Proteasome Ubiquitin
CUL4A/B DDB1 WDR1 DDA1 COPS1,
COPS8
PSMA1, PSMA2,
PSMA3, PSMA4,
PSMA5, PSMA6,
PSMA7, PSMB2,
PSMB3, PSMB5
PSMC1, PSMC2,
PSMC3, PSMC4,
PSMC5, PSMC6,
PSMD2, PSMD3,
PSMD6, PSMD8,
PSMD10, PSMD12,
PSMD13
UBL4A,
UBCWDR39 (CIAO1), DCAF8 (WDR42A),
WDR6
DCAF7 (WDR68), WDR82
(CUL5)a Elongin C SOCS3
Elongin B ASB1, ASB6, ASB8 (SOCS/ankyrin
proteins)b
SPSB1, SPSB2 (SOCS/SPRY
proteins)b
WSB2 (SOCS/WD40
proteins)b
CUL7 SKP1,
SUGT1
This table summarizes data from the two proteomic approaches described in the Results. See also Table S1.
aCUL5 was not directly identified as an AMBRA1-interacting protein, but the identity of the complex was inferred on the basis of the adaptors and
substrate receptors identified in the screenings.
bSubstrate receptors containing suppressors of cytokine signaling (SOCS) were grouped on the basis of the indicated conserved domains.
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AMBRA1-Cullins Interaction Regulates AutophagyAMBRA1 is a crucial factor involved in the regulation of auto-
phagy in vertebrates (Fimia et al., 2007; Fimia and Piacentini,
2010). Its inactivation in vertebrates results in defects of the
developing nervous system and embryonic death (Benato
et al., 2013; Cecconi et al., 2008). AMBRA1 binds to BECLIN 1
and positively regulates the lipid kinase activity of BECLIN 1/
Vps34 complex (Di Bartolomeo et al., 2010; Fimia et al., 2007).
Recently, AMBRA1 has been shown to regulate the activity
and the stability of ULK1, pointing to a broader role of AMBRA1
in ensuring the execution of the autophagy program (Nazio et al.,
2013). To better understand how AMBRA1 function is regulated,
we screened for AMBRA1-interacting proteins using a proteomic
approach. Here, we report that different members of the Cullin
E3 ubiquitin ligases family associate with AMBRA1 to regulate
the kinetics of the autophagy response to stress.
RESULTS
AMBRA1 Interacts with Distinct Members of the Cullin
E3 Ubiquitin Ligase Family
To identify regulators of AMBRA1 function, Flag-hemagglutinin
(HA)-tagged AMBRA1 was expressed in human fibroblast
2FTGH cells, and its interactome was analyzed by tandem affin-
ity purification (TAP) combined with SDS-PAGE and MALDI-
TOF/TOF mass spectrometry. The most represented class of
AMBRA1-interacting proteins corresponds to adaptors of Cullin
E3 ubiquitin ligases, i.e., Elongin B, suppressor of G2 allele of
SKP1 homolog (SUGT1) and DNA damage-binding protein 1
(DDB1), together with several chaperones (Figure S1A available
online; Table 1; Table S1). To substantiate these initial findings,
we carried out a more in-depth analysis of AMBRA1 interactome
using TAP based on stable isotope labeling by amino acids in cell
culture, analyzed by SDS-PAGE/high-performance liquid chro-
matography and Orbitrap mass spectrometry, which provided
a detailed description of Cullin complexes associated with
AMBRA1 (Tables 1 and S1). These data showed that AMBRA1Developmeis present in association with components of Cullin 4, 5, and 7
complexes (Table 1).
The interaction of AMBRA1 with distinct Cullin adaptors was
confirmed by probing AMBRA1 immunocomplexes with spe-
cific antibodies for SUGT1, DDB1, and Elongin B (Figure 1A).
Moreover, the association of AMBRA1 with Cullin proteins was
verified by cotransfecting Flag-AMBRA1 and Myc-tagged Cullin
encoding vectors. As shown in Figure 1B, AMBRA1 copurified
with Cullin 4A, Cullin 4B, and Cullin 7. In contrast, neither Cullin
2 nor Cullin 5 were detected in AMBRA1 immunocomplexes,
suggesting that the binding of AMBRA1 with Elongin B does
not occur in the context of the entire E3 ligase complex (Fig-
ure 1B). Cullin-AMBRA1 interactions were detected at endo-
genous levels, confirming the physiological significance of the
outcome of this screening (Figures 1C and S1B). Notably,
endogenous reverse coimmunoprecipitation assays showed
that Cullin adaptors interact with AMBRA1 in a mutually exclu-
sive manner (Figure S1B).
Then, we mapped the domains of AMBRA1 that mediate the
interaction with different Cullin adaptors by means of AMBRA1
deletion mutants. As shown in Figures S1C–S1E, DDB1 binding
depends on AMBRA1 WD40 domains, while both Elongin B and
SUGT1 associate with the carboxy-terminal part of the protein.
The DDB1 binding site of AMBRA1 was further defined by
mutating a putative consensus sequence present in the second
AMBRA1WD40domain (He et al., 2006). As shown in Figure S1F,
a single substitution in this consensus site abrogates the binding
of AMBRA1 to DDB1.
We previously showed that AMBRA1 forms a complex with
BECLIN 1 and TRAF6 to regulate their activity (Nazio et al.,
2013). Therefore, we asked whether the binding of AMBRA1
with the Cullin adaptors occurs in the context of the BECLIN 1/
TRAF6 complex. Coimmunoprecipitation assays showed that
DDB1 is readily detectable in BECLIN 1 and TRAF6 immuno-
complexes at endogenous levels (Figures 1D and 1E), while
the presence of Elongin B is observed upon autophagy inductionntal Cell 31, 734–746, December 22, 2014 ª2014 Elsevier Inc. 735
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Figure 1. AMBRA1 Interaction with Cullin
E3 Ubiquitin Ligases
(A) Immunoblotting analysis of anti-Flag immuno-
precipitation (IP) and corresponding total extracts
from Flag-AMBRA1-expressing 2FTGH cells using
the indicated antibodies. GFP-expressing cells ()
were used as a negative control.
(B) Immunoblotting analysis of anti-Flag IP and
corresponding total extracts from Flag-AMBRA1-
expressing 293T cells transfected with expression
vectors for seven Myc-tagged Cullins (1, 2, 3, 4A,
4B, 5, and 7) using an anti-Flag and anti-Myc an-
tibodies.
(C) Characterization of AMBRA1/Cullin complexes
at endogenous level. Immunoblotting analysis of
anti-AMBRA1 IP and corresponding total extracts
from 2FTGH cells using anti-DDB1, anti-Elongin B
(Elo B), anti-CUL4A, and anti-CUL7 antibodies.
IgG, immunoglobulin G.
(D) Immunoblotting analysis of anti-BECLIN1 IP
and corresponding total extracts from 293T cells
using anti-DDB1, AMBRA1, and BECLIN1 anti-
bodies.
(E) Immunoblotting analysis of anti-TRAF6 IP and
corresponding total extracts from 293T cells using
anti-DDB1, AMBRA1 and TRAF6 antibodies. An
unrelated IgG was used as negative control.
See also Figure S1.
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AMBRA1-Cullins Interaction Regulates Autophagyor AMBRA1 overexpression (Figure S1G; data not shown). Alto-
gether, these results suggest that Cullin adaptors are present in
an AMBRA1 complex together with BECLIN 1 and TRAF6.
AMBRA1 Protein Levels Are Regulated by the
Ubiquitin/Proteasome System
The interaction of AMBRA1with Cullin E3 ligases prompted us to
test whether AMBRA1 stability is regulated by the ubiquitin/pro-
teasome system (UPS). In nutrient-rich conditions, AMBRA1
protein levels increased by treating cells with proteasome inhib-
itors, while no significant changes were observed by blocking
the lysosomal activity (Figure 2A). Consistently, AMBRA1 is ubiq-
uitinated and this modification significantly increases following
proteasome inhibition (Figure 2B).
It is important to note that AMBRA1 levels are significantly
modulated during the autophagy response, showing a rapid in-
crease 1 hr after nutrient starvation and a sharp decrease start-
ing from 2 to 4 hr both in human and in murine cells (Figures 2C
and S2A). Changes in AMBRA1 levels were not limited to nutrient
starvation, since they also occurred when autophagy is induced
by rapamycin (Figure S2B). AMBRA1 modulation was also
observed when the protein was ectopically expressed (Fig-
ure 2D), while endogenous AMBRA1 mRNA did not show
consistent fluctuations (Figure 2E), suggesting that AMBRA1
levels are regulated at the posttranslational level. Notably,
AMBRA1 decrease was largely reduced when autophagy induc-736 Developmental Cell 31, 734–746, December 22, 2014 ª2014 Elsevier Inc.tion was carried out in the presence of
proteasome inhibitors, but not by block-
ing lysosomal activity (Figures 2F and
S2C). In the same context, AMBRA1 ubiq-
uitination declined 1 hr upon nutrient star-
vation and rose back after 2 hr (Figure 2G),which correlates with the transient increase of AMBRA1 protein
levels early during autophagy response. Characterization of
ubiquitin chains by means of mutant lysine constructs (K48
only and K48R) showed that K48-linked polyubiquitination of
AMBRA1 correlates with its lower levels, while modification by
a different type of ubiquitination increases early upon autophagy
induction (Figure S2D).
Differently from AMBRA1, the levels of BECLIN 1 and VPS34
showed only minor variations upon autophagy induction, with a
decrease of VPS34 observed at later times when compared to
AMBRA1 (Figure 2C). Notably, the decline of AMBRA1 is parallel
to the reduction of the autophagy flux, suggesting a strict corre-
lation with the termination of the autophagy response (Figures
2C and S2E).
Altogether, these results indicate that AMBRA1 protein stabil-
ity is modulated by the ubiquitin/proteasome system during the
autophagy response.
DDB1/Cullin 4 Regulates AMBRA1 Protein Stability
during Autophagy
Protein ubiquitination mediated by the Cullin E3 ubiquitin ligases
leads, in most cases, to proteasome-dependent degradation
of target factors (Emanuele et al., 2011; Harper and Tan, 2012).
In order to elucidate whether AMBRA1-interacting Cullins
regulate its stability, we analyzed AMBRA1 protein levels in
cells where the expression of DDB1, Elongin B, or SUGT1 was
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Figure 2. Regulation of AMBRA1 Protein
Stability during Autophagy
(A) Immunoblotting analysis of AMBRA1 levels in
2FTGH cells treated with proteasome inhibitor
(MG132) or lysosome (Bafilomycin A1) (Baf A1)
inhibitors. h, hours.
(B) Flag-AMBRA1-expressing 2FTGH cells were
treated, or not, with MG132 and subjected to
immunoprecipitation (IP) in denaturating condition
using anti-Flag antibody. AMBRA1 ubiquitination
was evaluated using an anti-Ubiquitin (Ub) anti-
body.
(C) Immunoblotting analysis of AMBRA1, VPS34,
BECLIN 1, and LC3 levels in 2FTGH cells incu-
bated with the amino-acid-free medium EBSS for
1, 2, 4, or 6 hr. Error bars indicate mean ± SD.
(D) Immunoblotting analysis of ectopically ex-
pressed Flag-AMBRA1 in 2FTGH cells starved
for 1, 2, 4, or 6 hr. Error bars indicatemean ± SD. *p
% 0.05.
(E) Real-time PCR analysis of AMBRA1 mRNA
levels in 2FTGH cells incubated in EBSS medium
for 0.5, 1, 2, 4, or 6 hr. Data are expressed as
mean ± SD, n = 5 independent experiments. a.u.,
arbitrary units. Error bars indicate mean ± SD. *p
% 0.05.
(F) Immunoblotting analysis of AMBRA1 levels in
2FTGH cells starved for 1, 2, or 4 hr in the presence
or absence of MG132.
(G) 293T cells were transfected with a vector en-
coding a 6xHis-tag ubiquitin and starved for 1, 2, or
4 hr. Protein extracts, prepared in urea buffer, were
subjected to Ni-NTA purification and ubiquitinated
AMBRA1 levels were evaluated by immunoblotting
analysis.
See also Figure S2.
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AMBRA1-Cullins Interaction Regulates Autophagydownregulated. DDB1 silencing results in a significant increase
of AMBRA1 levels in nutrient-rich conditions and prevents its
degradation after prolonged nutrient starvation (Figure 3A;
Figures S3A–S3D). Accordingly, AMBRA1 ubiquitination was
significantly reduced in cells where DDB1 expression was down-
regulated (Figure 3B). Specifically, DDB1 is required for K48-
chain ubiquitination of AMBRA1, while K63-chain ubiquitin levels
were not reduced (Figure S3E). Conversely, no modulation of
BECLIN 1 ubiquitination in either K48 or K63 chains wasDevelopmental Cell 31, 734–746, Dobserved upon DDB1 downregulation
(Figure S3E). In line with these observa-
tions, an AMBRA1 mutant with a deletion
in the WD40 domains, which impairs the
binding to DDB1 (see Figure S1E),
showed decreased ubiquitination levels
(Figure S3F).
Since DDB1 acts as an adaptor protein
of both Cullin 4A andCullin 4B, we verified
whether these complexes differentially
contribute to the ubiquitination and the
degradation of AMBRA1. In vitro ubiquiti-
nation assay using immunopurified Cullin
4A or Cullin 4B proteins confirmed the
ability of these E3 ligases to ubiquitinate
AMBRA1 (Figure 3C), with no significantdifferences between the two complexes. In line with this obser-
vation, AMBRA1 degradation during prolonged nutrient starva-
tion was mostly prevented only by the concomitant silencing of
both Cullin 4 genes (Figure S3G).
Prompted by these results, we asked whether changes in
AMBRA1-DDB1 interaction were associated with changes in
AMBRA1 levels during autophagy. Coimmunoprecipitation as-
says from cells cultured in nutrient-rich or -starved conditions re-
vealed that the association of AMBRA1 with DDB1 is reducedecember 22, 2014 ª2014 Elsevier Inc. 737
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Figure 3. DDB1 and Cullin 4 Ubiquitinate
AMBRA1
(A) Upper panel: immunoblotting analysis of
SUGT1, Elongin B (Elo B), or DDB1 levels in 2FTGH
cells transfected with indicated RNAi oligonucle-
otides. Lower panel: immunoblotting analysis of
AMBRA1 levels in silenced cells upon 0 or 4 hr
starvation.
(B) DDB1-silenced 293T cells were transfected
with HA-tag ubiquitin vector, subjected to anti-HA
immunoprecipitation (IP) in denaturating condi-
tions, and analyzed by immunoblotting to evaluate
AMBRA1 ubiquitination using an anti-AMBRA1
antibody.
(C) In vitro AMBRA1 ubiquitination assay using
immunopurified Myc-tag Cullin 4A or Myc-tag
Cullin 4B, Flag AMBRA1, and recombinant HA
ubiquitin and E2 ubiquitin-conjugating enzyme
(UbcH5C). Reactions were performed in the pres-
ence or absence of E1 ubiquitin-activating enzyme
(Ube1) to verify ubiquitination reaction specificity.
AMBRA1 ubiquitination was evaluated upon IP by
immunoblotting using an anti-HA antibody.
(D) Flag-AMBRA1-expressing 2FTGH cells were
starved for 0.5, 1, 2, or 4 hr; subjected to IP using
an anti-Flag antibody; and analyzed by immuno-
blotting using anti-DDB1 and anti-Flag antibodies.
Corresponding total extracts were also probed
with these antibodies and an anti-GAPDH as a
loading control. To immunoprecipitate equal
amounts of AMBRA1 in cells with different
AMBRA1 levels, proteins were immunopre-
cipitated using a nonsaturating quantity of Flag
antibody.
(E) 2FTGH cells expressing a dominant-negative
ULK1 mutant with a Lys46-to-Ile substitution
(ULK1 K46I) were starved for 0, 1, and 2 hr. Protein
extracts were subjected to IP using an anti-
AMBRA1 antibody and analyzed by immunoblot-
ting together with corresponding total extracts
using anti-DDB1 and anti-AMBRA1 antibodies.
Lower panel: Band density ratio of immunopre-
cipitated DDB1 relative to immunoprecipitated
AMBRA1. Data are expressed as mean ± SD;
where not indicated, statistical significance refers
to the respective control (*p% 0.05; **p% 0.005).
See also Figure S3.
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AMBRA1-Cullins Interaction Regulates Autophagyearly upon autophagy induction (0.5 and 1 hr), while it increases
at later times (2–4 hr) (Figure 3D). A similar modulation of
AMBRA1-DDB1 interaction was observed when autophagy
was induced by rapamycin (Figure S3H). Taken together, these
results indicate that AMBRA1 stability inversely correlates with
its binding to DDB1.
We, then, investigated how the binding between AMBRA1 and
DDB1 is regulated upon autophagy induction. AMBRA1 activity
is known to be controlled by phosphorylation both in a positive
manner and in a negative manner. Upon autophagy induction,
mTOR inactivation leads to AMBRA1 dephosphorylation on
Ser52, which allows AMBRA1 to assist TRAF6 in activating
ULK1 via K63-chain ubiquitination (Nazio et al., 2013). Subse-
quently, ULK1-mediated phosphorylation of AMBRA1 is re-
quired for its translocation to the ER, where it promotes BECLIN
1-VPS34 complex activity (Di Bartolomeo et al., 2010). To eluci-738 Developmental Cell 31, 734–746, December 22, 2014 ª2014 Elsdate whether mTOR-mediated phosphorylation of AMBRA1
controls its binding to DDB1, Ser52 phosphodefective and phos-
phomimicking mutants were analyzed in coimmunoprecipitation
assays. As shown in Figures S3I and S3J, no differences were
observed in the ability of these mutants to bind DDB1 compared
to wild-type AMBRA1. Then, we tested the role of ULK1 and
TRAF6 in DDB1-AMBRA1 interaction. To this aim, cells were
transduced with retroviruses encoding wild-type ULK1 or the
dominant-negative K46I mutant. Notably, AMBRA1-DDB1
dissociation upon nutrient starvation was significantly reduced
when ULK1 activity was inhibited, while a decrease of this inter-
action was observed in the wild-type ULK1 overexpressing cells
already in fed conditions (Figures 3E and S3K). Consistently,
dissociation of AMBRA1-DDB1 interaction was impaired in
ULK1 and ULK2 double-knockout (DKO) cells (ULK1/2DKO; Fig-
ure S3L). The silencing of TRAF6 expression also preventedevier Inc.
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AMBRA1-Cullins Interaction Regulates AutophagyDDB1 dissociation (Figure S3M), in keeping with its role in regu-
lating ULK1 activity. Altogether, these results indicate that
AMBRA1 stability during autophagy is regulated by its interac-
tion with DDB1 in an ULK1/TRAF6-dependent manner.DDB1/Cullin 4 Shuts Down Autophagy in Prolonged
Starvation by Targeting AMBRA1
Based on the evidence that DDB1/Cullin 4 controls AMBRA1 sta-
bility, we decided to analyze the role of this E3 ligase in the
execution of the autophagy response. To this aim, DDB1 expres-
sion was downregulated and autophagy was evaluated by
means of a GFP/red fluorescent protein (RFP)-LC3 reporter,
which allows to detect either autophagosomes (both GFP and
RFP positive) or autolysosomes (RFP positive, GFP negative) (Ki-
mura et al., 2007). DDB1 silencing led to a significant induction of
autophagy flux in both nutrient-rich and -starved conditions, as
shown by the increased number of both autophagosomes and
autolysosomes (Figure 4A; Figure S4A). An increased autopha-
gic flux in DDB1-silenced cells was also observed by immuno-
blotting analysis of LC3II levels in the presence or absence of
the lysosome inhibitor Bafilomycin A1 (Figure S4B). Enhanced
autophagic activity in these cells was confirmed by analyzing
the clearance of ubiquitinated proteins that accumulate following
proteasome inhibitor treatment (Figure S4C).
Then, we asked whether DDB1 inactivation, and the resulting
stabilization of AMBRA1 in prolonged starvation, alters the dura-
tion of the autophagy response. The rate of autophagosome for-
mation at different time points was measured by analyzing the
subcellular localization of ATG16, a protein that selectively labels
nascent autophagic vesicles (Itakura and Mizushima, 2010;
Klionsky et al., 2012). In control cells, ATG16 puncta significantly
increase at up to 2 hr of starvation and begin to decrease at 4 hr,
returning to basal level after 6–8 hr (Figure 4B), indicative of the
transient activation of the autophagy response. Notably, the
decline of ATG16 puncta at the late time points of the autophagy
response is significantly reduced in DDB1 downregulated cells,
indicating that DDB1 activity is required to temporally limit auto-
phagy induction. Since unrestricted autophagy response is
known to affect cell survival (Liu and Levine, 2014), we decided
to analyze the impact of DDB1 downregulation on cell death.
As shown in Figure S4D, DDB1-silenced cells have a higher
rate of cell death both in fed and prolonged starvation conditions
(Figure S4D), confirming that protracted self-digestion is detri-
mental for cell viability.
In order to elucidate whether DDB1 regulates the termination
of autophagy by degrading AMBRA1, we took advantage of
the AMBRA1 DWD40 mutant unable to bind DDB1 (see Fig-
ure S1E). First, we verified that the deletion of theWD40 domains
does not alter the proautophagic properties of AMBRA1 either in
terms of ULK1 binding, which was previously mapped within the
first 532 amino acids of AMBRA1 (Nazio et al., 2013) (Figure S4E)
or its ability to increase the autophagic flux (Figure S4F). Then,
we compared the rate of autophagosome formation between
wild-type and DWD40-AMBRA1-expressing cells at different
time points of starvation. Similar to DDB1-silenced cells, a higher
number of ATG16-positive dots at the later times in presence of
DWD40 AMBRA1 was observed when compared to the wild-
type protein (Figure 4C). These data demonstrate that the degra-Developmedation of AMBRA1 is a critical event in the termination of the
autophagy response.
Elongin B/Cullin 5 Negatively Regulates Autophagy by
Degrading DEPTOR
The interaction of AMBRA1with Elongin B and SUGT1 prompted
us to investigate whether these proteins were also involved in
autophagy regulation. To this aim, Elongin B or SUGT1 expres-
sion was downregulated in 2FTGH cells stably expressing
the GFP/RFP-LC3 marker. Elongin B downregulation led to an
increased autophagy flux, while no significant changes were
observed in the case of SUGT1 (Figure 5A; Figure S5A). These
results were also confirmed by measuring LC3II levels by immu-
noblotting (Figure 5B; Figures S5B and S5C).
In searching for the mechanism by which Elongin B silencing
leads to autophagy induction, we found that the mTOR-medi-
ated inhibitory phosphorylation of ULK1 on Ser757 (Kim et al.,
2011) is reduced both in nutrient-rich and starvation conditions
(Figure 5B). The effect of Elongin B downregulation onmTOR ac-
tivity appears to be specific for ULK1, since other mTOR targets
appear to be unaffected (Figure 5B).
Therefore, we hypothesized that Elongin B may regulate auto-
phagy by targeting negative regulators of mTOR complex for
Cullin-mediated degradation. In particular, we focused on
TSC2, REDD1, and DEPTOR, three inhibitors of mTOR whose
stability was previously shown to be under the control of Cullins
(Duan et al., 2011; Gao et al., 2011; Hu et al., 2008; Katiyar et al.,
2009; Zhao et al., 2011). Immunoblotting analysis of Elongin-B-
silenced cells showed that DEPTOR levels were increased
both in fed and starved conditions, while TSC2 and REDD1
were not significantly modulated (Figures 5B and S5D).
DEPTOR has been reported to accumulate upon nutrient
deprivation and contribute to the induction of autophagy (Duan
et al., 2011; Gao et al., 2011; Peterson et al., 2009; Zhao et al.,
2011). Therefore, we verified whether DEPTOR inhibition affects
the autophagy response in our system. 2FTGH cells were trans-
fected with RNAi oligonucleotides specific for DEPTOR expres-
sion and analyzed in both nutrient-rich and starvation conditions.
As shown in Figure 5C, the loss of mTOR-mediated phosphory-
lation of ULK1 in Ser757 was significantly delayed in DEPTOR-
silenced cells, paralleled by a delayed increase of LC3II conver-
sion. These results point to a role of DEPTOR stabilization in
achieving a rapid onset of the autophagy response.
To elucidate whether DEPTORwas involved in the induction of
autophagy observed upon Elongin B inhibition, the expression
of both genes was concomitantly downregulated in RFP-LC3-
expressing 2FTGH cells. Remarkably, autophagy levels were
significantly reduced in double-silenced cells, indicating that
DEPTOR accumulation is responsible for autophagy induction
caused by Elongin B inactivation (Figures 5D and S5E).
In agreement with a role in DEPTOR degradation, Elongin B
was found in complex with DEPTOR in a coimmunoprecipitation
assay (Figure S5F). Since Elongin B works as adaptor in two
distinct E3 ligases, Cullin 2 and Cullin 5 (Kamura et al., 2004),
we attempted to elucidate which of these Cullin complexes plays
a role in DEPTOR degradation. To this aim, we ectopically ex-
pressed Myc-tagged Cullin 2 or Cullin 5 in combination with
Flag-tagged DEPTOR. As shown in Figure 5E, Cullin 5 overex-
pression led to a dramatic decrease of DEPTOR levels, whilental Cell 31, 734–746, December 22, 2014 ª2014 Elsevier Inc. 739
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gulation of Cullin 5 expression, but not of Cullin 2, resulted in
autophagy induction (Figures S5G and S5H) and DEPTOR stabi-
lization (Figure S5I). The ability of Cullin 5 complex to ubiquitinate
DEPTOR was also confirmed in an in vitro ubiquitination assay,
where the activity of immunopurified Cullin 2 and Cullin 5 were
tested (Figures 5F and S5J).
Altogether, these results show that DEPTOR stability is under
the control of the E3 ligase Cullin 5.
AMBRA1 Allows DEPTOR Stabilization in Autophagy by
Inhibiting Elongin B/Cullin 5
In light of the role of Cullin 5 in the degradation of DEPTOR in
nutrient-rich conditions, we hypothesized that AMBRA1 may
take part in the stabilization of DEPTOR in autophagy through
its interaction with the Cullin 5 adaptor Elongin B.
To verify this hypothesis, first we analyzed whether AMBRA1/
Elongin B interaction is modulated by nutrient starvation.
Notably, we found a transient increase early upon autophagy in-
duction (Figure 6A), concomitantly to AMBRA1-DDB1 dissocia-
tion (see Figure 3D) and DEPTOR upregulation.
Then, we assessed the effect of AMBRA1 inactivation on
DEPTOR stability using both AMBRA1mutant mouse embryonic
fibroblasts (MEFs) (AMBRA1gt/gt) and AMBRA1-silenced 2FTGH
cells. Strikingly, DEPTOR failed to accumulate upon nutrient
starvation if AMBRA1 expression was impaired (Figures 6B
and S6A). Moreover, the stability of an ectopically expressed
DEPTOR was also impaired in AMBRA1-silenced cells, suggest-
ing that AMBRA1 controls DEPTOR levels at a posttranslational
level (Figure S6B). Consistently, AMBRA1-deficient cells show a
slower decline of mTOR activity, as indicated by pSer757 ULK1
(Figures 6B and S6A), thus suggesting that AMBRA1 establishes
a feedback loop that regulates mTOR activity by modulating
DEPTOR stabilization.
As for DDB1 dissociation, the increased AMBRA1-Elongin B
interaction early upon autophagy induction is dependent on
ULK1 activity, being significantly impaired by the overexpression
of a dominant-negative mutant of ULK1 (Figures S3K and S6C).
Consistently, ULK1 and ULK2 DKO cells failed to accumulate
DEPTOR protein upon starvation (Figure 6C).
These data suggest that ULK1-mediated release of DDB1 al-
lows AMBRA1 to bind Elongin B and repress Cullin 5 activity.
In support of this hypothesis, we found that the ectopic expres-
sion of AMBRA1 leads to DEPTOR stabilization in nutrient-rich
conditions (Figure S6D), while DDB1 reduces DEPTOR levels
by competing for AMBRA1-Elongin B interaction (Figure S6E).
Notably, DEPTOR expression is also required for the induction
of autophagy in DDB1-silenced cells (Figure S6G), confirmingFigure 4. Regulation of Autophagy by DDB1
(A) Representative fluorescence images of GFP-RFP-LC3-expressing 2FTGH c
unrelated oligonucleotides as negative control (iCtr). GFP and RFP puncta per c
periments (see graph). Scale bar, 15 mm.
(B) 2FTGH cells stably expressing Flag mATG16L were transfected with DDB1 RN
6, or 8 hr (h). ATG16-positive dots per cell were counted to evaluate the rate of auto
by a graph reporting data from three independent experiments. Scale bar, 12 mm
(C) Flag-mATG16L-expressing 2FTGH cells were infected with retroviral vectors e
0, 1, 2, 4, 6, or 8 hr. The analysis of autophagy induction was evaluated as desc
Data in all panels are expressed as mean ± SD of triplicate samples with 50 cells
See also Figure S4.
Developmethe functional relevance of a Cullin4-AMBRA1-Cullin5 axis in
autophagy regulation.
To demonstrate that AMBRA1 regulates DEPTOR levels by in-
hibiting Elongin-B-dependent E3 ubiquitin ligase activity, we
tested the effect of AMBRA1 ectopic expression on the ability
of Cullin 5 to degrade DEPTOR. As shown in Figure 6D, DEPTOR
degradation was significantly prevented by AMBRA1, although
Cullin 5 was expressed at comparable levels. Moreover, we
observed that the inhibitory effect of AMBRA1 overexpression
is associatedwith the disruption of Elongin B/Cullin 5 interaction,
suggesting that, upon autophagy induction, AMBRA1 ensures
DEPTOR stabilization by hampering Cullin 5 complex integrity
(Figure 6E). A direct evidence of the inhibitory activity of AMBRA1
on Cullin 5 was also provided by performing an in vitro ubiquiti-
nation assay. Indeed, the addition of immunopurified full-length
AMBRA1, or the AMBRA1 fragment mediating Elongin B inter-
action, to the ubiquitination reaction significantly reduced the
ability of Cullin 5 complex to ubiquitinate DEPTOR (Figures 6F
and S6F).
Altogether, these results show that, upon autophagy induc-
tion, AMBRA1 negatively regulates Cullin 5 to promote DEPTOR
accumulation and establish a positive feedback loop that rein-
forces the inhibition of mTOR activity.
DISCUSSION
This study show that the temporal dynamics of the autophagy
response is under the control of the functional interaction of
AMBRA1 with Cullin 4 and Cullin 5. Cullins are a family of
E3 ubiquitin ligases playing a role in a variety of cellular pro-
cesses, including proliferation, differentiation, cell metabolism,
and stress response (Petroski and Deshaies, 2005). Seven ca-
nonical Cullin complexes have been identified in mammals
(Sarikas et al., 2011), composed by the combination of spe-
cific scaffolds, adaptors, and substrate receptors (Duda
et al., 2011). A negative role of Cullins in the regulation of
autophagy has been recently demonstrated by using general
inhibitors of their activity (Luo et al., 2012; Yang et al., 2013;
Zhao et al., 2012). Here, we elucidated a molecular mecha-
nism by which specific Cullins control early and late stages
of the autophagy response through their dynamic interaction
with AMBRA1.
Previous proteomic screenings have reported the binding of
AMBRA1 to DDB1 (Behrends et al., 2010; Jin et al., 2006). We
confirmed this interaction and showed that, through DDB1, the
Cullin 4 E3 ligase associates with AMBRA1 to regulate its ubiq-
uitination and abundance in unstressed conditions. Autophagy
stimuli lead to a rapid release of AMBRA1 from DDB1 in anells transfected with DDB1 RNAi oligonucleotides (iDDB1a and iDDB1b) or
ell were counted in fed and starved (4 hr) conditions in three independent ex-
Ai oligonucleotides, and autophagy was induced by starving cells for 0, 1, 2, 4,
phagosome formation. Representative fluorescence images are accompanied
.
ncoding GFP (Ctr), Flag-AMBRA1 FL, or Flag-AMBRA1 DWD40 and starved for
ribed in (B). Scale bar, 10 mm.
analyzed per sample (***p < 0.001).
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crease of AMBRA1 protein levels. This stabilization is transient
since prolonged stress causes DDB1 reassociation to AMBRA1,
leading to its sharp degradation. The decrease of AMBRA1
levels parallels the termination of the autophagy response that,
in our cell systems, precedes the reactivation of mTOR by lyso-
somal proteolytic products (Yu et al., 2010). Notably, DDB1
silencing, as well as the ectopic expression of an AMBRA1
mutant unable to bind DDB1, significantly extends the duration
of the autophagy process, indicating that Cullin 4-mediated
degradation of AMBRA1 is required for the proper temporal
regulation of autophagy response. To note, DDB1 silencing re-
sults in AMBRA1 increase in both fed and starvation conditions,
while Cullin 4A/B downregulation only prevents AMBRA1 degra-
dation during autophagy, suggesting that DDB1 may also regu-
late the activity of other E3 ubiquitin ligases depending on
nutrient conditions. In this regard, it will be important to analyze
the relationship between DDB1 and RNF2, a different E3 ubiqui-
tin ligase involved in AMBRA1 degradation (Xia et al., 2014).
Recently, Cullin 4/AMBRA1 complex has been proposed to
mediate K63-chain ubiquitination of BECLIN 1 on the basis of
in vitro approaches (Xia et al., 2013). Although BECLIN 1 was de-
tected in DDB1 immunocomplexes, we were unable to confirm a
role of Cullin 4 in BECLIN 1 modification. Whether BECLIN 1 is
required in the regulation of AMBRA1/Cullin 4 interaction re-
mains to be explored.
Enhanced degradation of AMBRA1 protein has been also
observed following apoptotic induction. However, in this context,
AMBRA1 is targetedbycaspases andcalpains (Fimia et al., 2013;
Pagliarini et al., 2012) in order to block autophagy and switch cell
fate to death.
The crosstalk between Cullin E3 ubiquitin ligases and auto-
phagy is not limited to Cullin 4. Indeed, we found that, upon auto-
phagy induction, AMBRA1 interacts with Elongin B to suppress
Cullin 5 activity, allowing the stabilization of DEPTOR, a starva-
tion-inducible inhibitor of mTOR activity (Peterson et al., 2009).
This inhibition appears to be direct, since AMBRA1 is able to
compete for the binding of Elongin B to Cullin 5. However, the
observation that DEPTOR protein persists longer than AMBRA1
during the autophagy response (Figures 5B and 5C) suggestsFigure 5. Cullin 5 Regulates Autophagy by Modulating DEPTOR Stabil
(A) Representative fluorescence images of GFP-RFP-LC3-expressing 2FTGH ce
iSUGT1b) RNAi oligonucleotides. Unrelated oligonucleotides were used as negat
(4 hr) conditions in three independent experiments (see graph). Scale bar, 15 mm
0.001).
(B) Elongin B expression was downregulated by RNAi, and cells were nutrient sta
for the expression of DEPTOR, phospho-Ser757 ULK1 (pS757 ULK1), ULK1, phos
analyzed as a loading control. The graph reports the quantification of DEPTOR l
(C) RNAi-silenced cells for DEPTOR expression were nutrient starved for the ind
were analyzed by immunoblotting. GAPDH was analyzed as a loading control. Q
expressed as mean ± SD (n = 3). Where not indicated, the statistical significance
(D) Upper panels: representative fluorescence images of RFP-LC3-expressing 2
otides either separately or in combination. RFP puncta per cell were counted to eva
panel. Scale bar, 18 mm. Data are expressed as mean ± SD of triplicate samples
(E) Flag DEPTOR encoding vector (1 mg) was transfected in 293T cells alone or
Cullins protein levels were analyzed by immunoblotting using anti-Flag and anti-
(F) In vitro AMBRA1 ubiquitination assay using immunopurified Myc-tag Cullin 5A
conjugating enzyme (UbcH5C). Reactions were performed in the presence or abs
specificity. DEPTOR ubiquitination were evaluated upon IP by immunoblotting u
See also Figure S5.
Developmethat other mechanisms may also play a role, e.g., long-lasting
posttranslational modifications mediated by AMBRA1 on
DEPTOR.
The characterization of the functional link between AMBRA1
and DEPTOR unveiled a role of AMBRA1 in the temporal dy-
namics of autophagy onset. Indeed, DEPTOR accumulation
induced by the ULK1/TRAF6/AMBRA1 complex is required
to establish a negative feedback loop on mTOR, as high-
lighted by the slower decline of the inhibitory ULK1 phosphor-
ylation and consequent delayed induction of autophagy in
DEPTOR-silenced cells. Of note, DEPTOR targets mTOR-
mediated ULK1 phosphorylation, while other classical mTOR
substrates appear to be unaltered. It is interesting that a
selectivity of DEPTOR for specific mTOR targets has been
recently reported in MEFs and 3T3-L1 cells (Laplante et al.,
2012).
DEPTOR has been described to be degraded by the Cullin 1/
Skp1/bTrCP complex (Duan et al., 2011; Gao et al., 2011; Zhao
et al., 2011). Since distinct Cullin complexes have been shown
to interact and share common substrates (Bondar et al., 2006;
Nie et al., 2011), it remains to be assessed if Cullin 1 and Cullin
5 may cooperate to regulate DEPTOR stability. Although the
Cullin 1/7 adaptor Skp1 and its cofactor SUGT1 were found
among AMBRA1 interactors, this association appears to occur
only in the context of Cullin 7. The functional role of the
AMBRA1/SUGT1/Cullin 7 complex remains to be elucidated.
SUGT1 downregulation has no major effect on autophagy levels
in 2FTGH cells. Given the relevance of Cullin 7 in insulin signaling
(Xu et al., 2008), it is tempting to speculate that AMBRA1
may take part in the crosstalk between insulin response and
autophagy.
In conclusion, we have shown that the degradation of auto-
phagy regulators by the E3 ubiquitin ligases Cullin 4 and Cullin
5 determines how autophagy is temporally controlled in res-
ponse to stress. The elucidation of the crosstalk between Cullin
complexes and autophagy proteins may provide insights on the
role of autophagy in human disorders associated with mutations
or aberrant expression of Cullin components, such as cancer
and neuronal diseases (Lee and Zhou, 2012; Li and Jin, 2012;
Okumura et al., 2012).ity
lls transfected with Elongin B (iELO1a and iELO1b) or SUGT1 (iSUGT1a and
ive control (iCtr). GFP and RFP puncta per cell were counted in fed and starved
. Data are expressed as mean ± SD with 50 cells analyzed per sample (***p <
rved for the indicated times. Protein extracts were analyzed by immunoblotting
pho-p70 S6K1, p70 S6K1, 4EBP1, AMBRA1, LC3, and Elongin B. GAPDH was
evels. h, hours.
icated times. pS757 ULK1, ULK1, LC3, AMBRA1, and DEPTOR protein levels
uantification of DEPTOR levels is shown in the graph. Data in (B) and (C) are
refers to the respective control (*p% 0.05; **p% 0.005; ***p% 0.0005).
FTGH cells transfected with Elongin B (ELOBa) or DEPTOR RNAi oligonucle-
luate autophagy levels in three independent experiments as shown in the lower
, with 50 cells analyzed per sample (***p < 0.001).
in combination with Myc CUL2 or Myc CUL5 plasmids (7.5 mg). DEPTOR and
Myc antibodies, respectively. GAPDH was analyzed as a loading control.
and Flag-DEPTOR together with recombinant HA-ubiquitin and E2 ubiquitin-
ence of E1 ubiquitin-activating enzyme (Ube1) to verify ubiquitination reaction
sing an anti-HA antibody.
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Figure 6. AMBRA1 Allows DEPTOR Protein
Stabilization during Autophagy by Nega-
tively Regulating Cullin 5 Activity
(A) Immunoblotting analysis of anti-Flag immuno-
precipitation (IP) and corresponding total extracts
from Flag-AMBRA1-expressing cells starved for
the indicated times using anti-Elongin B (Elo B) and
anti-Flag antibodies. To immunoprecipitate equal
amounts of AMBRA1 in cells with different AM-
BRA1 levels, proteins were immunoprecipitated
using a nonsaturating quantity of Flag antibody.
Total extracts were also probed with DEPTOR and
GAPDH antibodies.
(B) Wild-type and AMBRA1gt/gt MEFs were
cultured in fed or starved conditions for the indi-
cated times. Protein extracts were probed by
immunoblotting to analyze the expression levels of
pS757 ULK1, ULK1, and DEPTOR proteins.
GAPDH was analyzed as a loading control.
(C) ULK1/ULK2 DKO MEFs were cultured in the
starved condition for the indicated times. Protein
extracts were analyzed by immunoblotting to
analyze the expression of DEPTOR, Elongin B,
AMBRA1, and DDB1. GAPDH was analyzed as a
loading control.
(D) 293T cells were transfected with Flag DEPTOR
encoding vector (1 mg) in combination with plas-
mids encoding Myc CUL2 or Myc CUL5 (7 mg), and
AMBRA1 (2 mg), as indicated. DEPTOR, Cullins,
and AMBRA1 protein levels were analyzed by
immunoblotting using anti-Flag, anti-Myc, and
anti-AMBRA1 antibodies, respectively. GAPDH
was analyzed as a loading control.
(E) 293T cells were transfected with increasing
amounts of AMBRA1-encoding vector (2.5 mg and
5 mg). The amount of Cullin 5-Elongin B interaction
was evaluated by analyzing Elongin B levels cop-
urified with Myc-tag CUL5.
(F) The in vitro ubiquitination assay of DEPTOR
described in Figure 5E was repeated in the pres-
ence or absence of immunopurified AMBRA1.
See also Figure S6.
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Autophagy and Cell Death Assays
Autophagy was induced by incubating cells in the amino-acid-free medium
Earle’s Balanced Salt Solution (EBSS) (Sigma-Aldrich) or by using 1 mM rapa-
mycin (Sigma-Aldrich). Proteasome activity was inhibited for 2 hr with 5 mM
MG132 (Sigma-Aldrich), lysosome activity was inhibited for 2 hr with 5 nM Ba-
filomycin A1 (Sigma-Aldrich). Autophagy induction or flux was measured in
Flag-mAtg16L and RFP-GFP-LC3 stable cell lines, respectively. When indi-
cated, autophagy was induced by nutrient starvation, using the nutrient-free
EBSS medium (Sigma-Aldrich). For confocal microscopy, cells were grown
on coverslips, fixed with 4% paraformaldehyde in PBS, and washed three
times. GFP or RFP LC3 cells were then directly examined, while Flag-
Atg16L1 cells were stained using rabbit anti-Flag primary antibody (Sigma-744 Developmental Cell 31, 734–746, December 22, 2014 ª2014 Elsevier Inc.Aldrich) and visualized by means of Cy3-conju-
gated secondary antibodies (Jackson ImmunoRe-
search Laboratories). Coverslips were mounted in
antifade (SlowFade; Life Technologies) and exam-
ined under a confocal microscope (TCS SP2; Le-
ica). Quantification of LC3 or ATG16 puncta was
performed on a minimum of four fields randomly
chosen from three independent experiments, inwhich the total number of cells on images was determined by nuclei staining
with DAPI (z50 cells per experiment, giving rise to a total of z150 cells).
Cell death was analyzed as described elsewhere (Pagliarini et al., 2012).
In Vitro Ubiquitin Assay
293T cells were independently transfected with plasmids encoding Myc
Cullin5, Myc Cullin 4A, Myc Cullin 4B, Flag AMBRA1, Flag Deptor, or AMBRA1.
Twenty-four hours later, cells were lysed in buffer (20 mM HEPES [pH 7.4],
2 mM EGTA, 50 mM b-glycerophosphate, 0.5% Triton X-100, 0.5% CHAPS,
and 10% glycerol) containing protease inhibitors. Lysates were cleared by
centrifugation and subjected to immunoprecipitation using agarose-coupled
antibodies against Flag or Myc tags or anti-AMBRA1 antibodies. Deptor pro-
tein was eluted by means of a Flag peptide (300 mg/ml; Sigma-Aldrich). The
assays were performed in a 20-ml reaction volume combining the
Developmental Cell
AMBRA1-Cullins Interaction Regulates Autophagyimmunopurified proteins and the following recombinant components: Ube1
(0.2 mg, Boston Biochem), UbcH5C (0.5 mg, Boston Biochem), and HA-ubiq-
uitin (100 mM, Boston Biochem). The reaction was performed at 30C for 1 hr
with agitation. The incorporation of ubiquitin was analyzed by immunoblotting
using an antibody against the HA tag to detect HA-ubiquitin.
Statistical Analysis
All experiments were performed at least in triplicates. The graphs relative to
the number of LC3 or Atg16 puncta report data expressed as mean ± SD.
For comparisons of the means of multiple groups with a control group, the
ANOVA with Dunnett method was used in accordance with other published
works (He et al., 2013). The homoscedasticity assumption was verified using
the Levene’s test, and the modified Dunnett post hoc method was used
when the assumption was not verified. A t test for repeated measures was
performed to compare ATG16 puncta at different time points in nutrient-star-
vation versus nutrient-rich conditions (time 0) within the same group. All statis-
tical analysis of confocal experiments was performed using SPSS version 21
(IBM Corporation). Densitometric analysis of immunoblots was performed us-
ing the ImageJ software. The control ratio was arbitrarily defined as 1.00, and
data are shown as mean ± SD from three independent experiments unless
specified otherwise. Excel (Microsoft) was used for statistical analysis
comparing the intensity of control and sample from the same western blot.
Statistical significance was determined using the Student’s t test; p % 0.05
was considered significant.
See also Supplemental Information.SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
six figures, and one table and can be found with this article online at http://
dx.doi.org/10.1016/j.devcel.2014.11.013.
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